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Abstract

A physically intuitive noI1-rwo]]aIlt  local IIIOdC axis tilting mocld for tile  inter-
prdation  of highm overtone lMIIdS of X IIJ s]mim is outlined aId illust ratd by
I’Cf(X!IICC  to th(! ncw-iIlfrard  of s] )Cct YUI1l Has. Quantitative comwctiolls  WTit h t IN
conven t iona l  no rmal  Inodc  resonallw COu])ld  ~)ictute are derived and local  modc
b a w d  exprck+sions for t lIc vibrat  ioIltll-rc)t:ltic)I  A Ivavcfundions  am given.  (’m wt ants
am reported for t,hc (31 1)-(212) a~ld (302)-(203) l)amls  at 11008NW1 and 12149 cn- 1
respectively.
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I. Introduction

Ihpit  e t lm colll~Jut  at ional (’flicicll(~ of cor~~rcn~t imlal ~mmml Hlodc t cchtliques  for
t 11[: a:lalysis  of rot at imla-~il)rat  it)lhtl  s~mt ra. t 11(’ (nrertonc  IMllds of slllall  symllld  rical
hydrides  llavc ccrt  ain feat \Ir[w t Ilat fa~’our all alt mlat ilrc local  mode int Cqmt at ion.
111 tllc first IJlace  Itxal I1l(KIc  vil)rat  iollal s~dit  t ifl~s Carl Im:ollle  mdl com~md Ivitll
rot  at iollal energy (Ii ff’mmlccs [1]. Sc(:olidly t 111’ c~)nclit  ions that allmv lribrat  iollal lcjcal-
ization also lead t f ) l(ml mode r(’lat iollshi~)s  l)ct  w(mi codficicnts  in tlw vil)rat  ional-
rotatiolla]  IIalniltolliatl  [2]. I“illally t llc clHILg(J  fronl IIOrIIml Inodc  to local  I node
charact cr aflccts t hc vil)rat  iollfil  illt  mad ions. 1 ‘ad icular at t cmt ion has bcnL given
to the effects  of tlm lzlz t mm ill t h I Iamiltolli:lll  l~ccallsc  ICSCWUICC  collpliIlg tams

t h a t  arc off dia,gollal ill ql q:j ill norlllal  coordimt  c t mnillology  Imnmc vibratiolmlly
diagonal ill  an a~qnqmiatc  local lmdc rcpresmltat ion [3-5], t hmcby cold  ril)ut  i~ig an
illert  ial t cxml that lowers tllc  a~)~wetd  symm(:i ry of the s~mies in quest ion. Tllc
strength of Coriolis  coll~)liug  is dso found to lK: ~Jrogressivdy  quenched as the local
moclc limit,  is rcacld [6-8].

The first SUC1) local nlodc  cflkcts  on rot at iolml  structure wwc report  d for N113
by (hhimlikova  [S], and t~lc deamt gctm’al  fmmdat  i o n  i s  by 1,chmann [4]. l’hc!
most striking results to date a~q )ly t o X114 hydrides, which were predict d by normal
mode simulations [2], to snow Synlmd  ric top mt at icmal  st ructwe in their ]71000)  local
Inode  bands. The ol)smwtion  of this effect, first for GeH4  [9-10] and t hcn for other
species [11-14], was followed by a local  mode interpretation [4,5] based on the use of
homl  coordinates combined with arl inertial axis t ransfomation  to allow quantization
around the uniquely excited I)ond. A detailed discussion of the spatial properties of
the local mode based rotational ei,gellstatcs  has also been givm [15].

The ~)rcsent ~)a~m applies sirrlilar  ideas to the overtone bands of X}{z species,
with particular refcmm to lIzS’. l’;x~)critIlcI1  t:\ll,yl  Ilorctl~all  SO bands arekImwIl for
the 32S isotope [16-23] and aH accurate I)otent  ial surface has been deduced [24]. Ilany
of the higlm bands snow incrcasitl~  evidence of t llc four-fold clustering associated with
C 1 OSC local  mode degemmics  ill  near sy~mndric  tops [2,4,24]. ‘1’hc prmmt paper
was stimulated by the olxscrvat  iml that, the mmt of an increasingly strong HZZ(07>
a /p}La) resonance betweml  cssclltially  degcmrat  c pairs of local vibrational states leacls
to amhiguitics  ill  the rotational assiglmlents. III addition, as discmsd  Ix:1o}v,  if the
cons t r a in t  to CZ,, syllltlwtry  is relamd, alt crllat  ive assiglmwnts  1(N t o all ccluall-j
accurate Ilon-rcsmlant  simulation and the resulting s~)ect msco~)ic  absorption lmds
nave  hyl)rid  d intact er. ‘1’llc ~)llysically  illt  uit iw cx~)lanat ion, uhicll  was first advand
by lJelltnallll  is tlmt  elil[linat  ion of t lie lIw rcwlmlce t em Can I)c aCCOlllIllOdilt  d t.)y
a tilting of tile ilwtial  axes. ‘1’hc l)ur~)ose  c)f this paper is to dcvdol)  t lm detailed
theory c)f this local lm)de tilting efh:t.

‘1’hc theory extends the work of ],ukka  at Id }Ialollen  [25] l)ut follows I,ehmann
[3] in transforming the quantizatim,  axis to lic ~mrpcndicular  to tl,c molecular plane,
ill order  to facilitiat e t lle axis tilt itlg argutnmt. The angle of tilt is then shovm  to
dCIJCIICl  011 t h e  r a t i o  Mwcm t h e  1122 msollallc~:  tcrlll  Cry and tll~ rot atio~lal  ~oIl-

stant asymmetry, Au -- 1),,, it] tllc  r[’s[)llatlt-llorlll:~l  mode  desc r ip t ion .  Iixpressions
are  g iven  fo r  the  cfIcdivc  asymmdry  ill  tlm mlcoupled  rcprcselltatioll,  local  mode
forms for tllc sylnlllctriscd  rovit)ratiolml  \vtl\ef~ll~(tiolls, the rdativc  A ty~x: alld  D
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type transit ion anl~)lit  udcs and t llc first -order  dcviat  ions ftoln  predict d local  mode
vibrational-mtat  iond  (Iegencracies.  Wallg  and Zhu [26] have  recmt ly collsiclcmxl  t hc
efi’ects  of rot at ion on t hcsc near dcgmcracies  I)v analysis  of the wavcfund  ion ill tllc
i “ L’C~)l(!SCIlt at ioIl

The  main rcsldts  of t llc ~m]m am llighligllt cd in section 3. Finally the t hcory
is applied t o the overt  (nlc s~mt ra of }IQS ill  sect i(nl 4. ~’}lC 11011-lCSOIlaIlt  local  II1O(1C
model is shown t o lNCOIIIC superior t o t IN2 convcId  iomd Ckmidis resonance model for
the higher overtone tmIds,  t)ot~l  for WiglHIK!llt  I)ulposes  and for CWO11O1I1Y iIl the Ilum-
bcr of fitting parattlct cm. TIIC dat ivc advantages c)f t hc Alr aIld  AIIIr redllct ion
SChWleS are ah diSCUSSCd. The folIllCL’  ap~)CalS to he pL’CfeL’able fOr fittill~  ~Nlrl)OSC’S,
but the latter gives rise to relatively uIltIlixcd  wavcfunct  ions. The cmd rifugal  distor-

tion constants in th(: AIIlr rcdud  ion arc also found to be milch  less sensitive to the
change from a resonant to a mll-rcs(mallt  Inodcl  t Ilan those ill  tllc Alr rccluct ioll.

II. The local mode axis tilting model

The vibrational-rotational sl)cctra of bent, X112 species arc normally analyscd
in the IT axis system [27], with the molecule in the xz plane. It is however more
convenient for present  ~mrposes to cm~)loy the 111’ system, with z I )cq)cnclicular  to
this plane (see k’ig. 1), so that, the axis tilt occurs  around the quantization  axis.

Some notes  on non-standard as~)ccts  of t IN I lot at ion may be hcl~)fld.  The first
aIld SCCOIIC1  qLlaIlt,Lllll  IILIIllbCIS  iIl thC k) Cal lllOdC SyIIlbOl  ] 7?77L) refC1 tO bOlldS 7“a aIKl lb
respectively, with the assumption that,  n >> 71L. Symmet  risecl and antisymtnct  riscd
combinations are denoted as usLlal by I 7J7n=E).  lt is also Lu5cful to emphasise gconlet-
rical  aspects of the axis tilting argument by recogylising that,  ra is the predominantly
excited bond in state 1777n) and 7’6 ill  t llc state Im ~)) ThLls tllc  int rodud  ion of alt cr-
native SUI nbols  I a) and I b) for In 7n ) mld I 7?/ 7/.) respectively, allows the use for Haa for
tile vibrationally  averaged rotational lIamilt oniall  with inertial axes tilted in res])onsc
to predominant cxcitat  ion of ru atld  sitnila~ly  for Hbb and rb. c~orrespodill~  l~otatiorls

I J K)a and \ J K)l, are adopted for symmetric to]) states defined with respect to the
two tilted  axis systems, while  I J ]<) without  a subscript, is LMCd for states defined
with respect, to the Cau inertial axes.

The rckwallt leading t cmls oft Ilc \’it~r~~tic)l~al-rot  at ional  IIaInilt  o~liall  in t he lllr
systenl  take the form [25].

Complications due to itkcractiml  with the binding mode qz may well be ilnpor-
tant in practice, but they have no bearing on the tilting mechanism. ‘J’lIc ~oriolis
term has also been omitted became it is kIlowIl  that <~~) == 0 (for our axis systeln)
in the local mode limit, [2,4,6]. Imal Inode  axis tilting is at tribut  cd to compctit  ion
between normal rotational asylnmctry  associat  cd ~vit h the diffcrcllcc  (A – D) and the
final 1122 resonalm  term in cquatioll  (1), in circumstances where vibrational energy
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dif~ercncws arising froli] t lle viljratio~la]  olmrat  or G ,, arc slllall comImd with the teml
in d13. The 2 x 2 lllat rix rqmsmlt  at ion of tfle vilmational  o~wrator  {;. is  diagonal
in the normal  mode rqmscnt  at ion, \rit 11 clclnclds  +(, and purely off-diagonal in t llc
local  Inodc  I’c~)I’cscllt  at ic)ll, w’it h f:lc’lllctlts  c.

Followitlg  previous authors [25] \vc rq)lacc t llc scald  normal  coordinat  m (ql, q:j )
by t.md dis})lacmnmlts  (r,,, rt, ) so that, wit II ql =- (r,{ +rb)//T- qs = (r,, -- r~)//Z

where

(3)

7’: = ; (/37’: + by-j):) i=a, t) (4)

(.5)

The parameter ~ is the scaling paramd w for harmonic oscillations of an indi-
vidual  bond:

~ = 2(7rclL@ , (6)

where Wb is the bond frcqucmcy.

The assumed vibrational near-degeneracy now pmnits  tile ixltrodudion  of lmId
localised states

la) == ]m) , p) == pm?) (7)

iu which the first,  and second  quantum numbers s]xxify  cxcit  atioll in bonds  7>a and r~
rcspectivdy,  with n >> 7n in the local lnode  linlit. The resulting vibrational lnatrixA
elements of 11 arc convellim d ly ex]msscd itl  t hc forms
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Whcm

c..,, =- d~:j (fir)
(,J) ❑ = (,,,,, I i’~ + ;?

(10)

,, / m} = (n ] i: I n)+ (m I Y; \ m) (11)

((w) =- (m];: -- T; I r~ln)  == (r) I r: \ 7/) – (m [ T: I m) (]~)

All other vibrational ~nat rix eleIIwIlts arc mm. NIor(:ovcr  tlleofi-cliagollal  term
lla~ also lmomcs  ~’~ltlisllitlglyslllall  ill  the local  ]Ilode limit because  both the local
mode splitting, m~mmllted  by 26 in tllc  ~)rmmt  Imtationl aud the o cliffcrencc terms
CP!?,( == o,y,z tend to ZC1O [2,4,6]. %Colldl~  (7~771\~n~b\r~l?l)  i s  sul)jcd to the
s e l e c t i o n  rule 71 – m == +1 in the lmltlonic  lilnit and it. is assumcl that n >> 7n.

E q u a t i o n s  (8a), (8b),, (’10) aud (’12) show that tllcllz~r  cs[)llallcct  C:rIllil  lll(Jrlllal
mode theory appears ill  local mode tlmry as all off-diagonal inertial  term, with a
magnitude that depends on the disparity tmtwecn  the mean squared displacements
of the two itmquivalelltly  excited bonds. T h e  sign dift’ercmce  betwwm  (8a) ancl (’8b)
dictates an axis tilt  to principal axes ill  one  direction or the other accordiug  to whether
~a or ~b is the loll~~r bold (se~ 17i~. 1 ).

The transformation to the principal axes of 11~Q may be expressed in the form

(i) = C7 ~:~:: ;;M )
J. == j:”)

where the superscri~)tl  o designates priuci])al  axes ill local mode state la)
reduces to

&Jhc =  ; (Au + 13J(@2 + j;b)z) + C1,J:”)2

+; (A _ ~j)efj(,j$)’  – jja]’)

!l’he quantities of q and (A – l~)rff  am givcu  by

tan(2~l) == [ICIY/(At, – IL)]

(A -- B)eff  == [(At, -- I]u)’ + 4C;U]*

(13)

fIaa itself

(14)

(1!5)

(16)

Equations (14)- (17) were first given  by Lchmam  [4], but, their consequences were
not, fully explorecl. The corresl)ondiug  t ransfmmat ion of H6b yields a form ickmtical
with equation (15),  a~)art from the obvious sul)st it ution of I!) for a t hroughmlt,  and the
sign  of q, which s~mifies  the orient at ion of the t rausformecl  axm is reversal. Fig. 1.
which  is derived fronl  data in tahlc 2 Idmr, illustrates the tmw axis tilted  states for
the I 77772+, v2 >== 140+, 1) states of 112S. ‘1’ilc cf~ect ive A ald B constants, given
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l)y Wluat  ion (’16) art! 1 ().2(107  cv- 1 all{]  8.56S9C~r/ - 1 res1m4  ively atld  t lle tilt illg angle.
given  l)y cquat iml (15) is 30.95°.

‘1’he collclllsioll  is t hat the }lQZ resonance  t (Jrrll, which cou~llm  vibrational states
of difkmut  s.ymlnctry  ill  lmrlllal  lnc)cit’  t lleory, catl t)e traxlsformed  I)y local mode ar-
~uments t o ap~mar as ail addit  ional c(}llt  ril~ut  ion t () the s~miflc  rotational asylntnet ry
(A -- II)rff. All rotat icmal  st ates arc a so1 sml t () tw mad l! (ioubljJ ciegamat  e  ill

t hc local lno(ie  Iilnit;  alt lmugh  t IIe CIigellf[l[lct  imls of fl ~a and ~{.bb  will be s~lowl~ belo~~

to differ  hy virtue of t hc diflerencc  ill sign at t add to t lle tilt itlg angle q. ‘J’his
result also has a l)llysically  ap~waling  illt  eqmtat  ion in tho sense  that the ‘Immal’
contribution (At, – }~t,) t () (A – l~)cjf Hmy IN associated wit}l cieviat ions of the bend
angle  from 90°, because a rigi(i symllletic s~mcics with orthogonal l)oncis  is an acci-
dental symnwtric top. Fkluations  (’10) an(i (12) show that the addit ional  ternl C’~U
in equation (’16) arises fmn a difi’ercnce in mean scluared  displaccnmks  tJdweell  tllc
two bonds.

Ollelllllsto  fco(lrscr[  :cogllizctl  lilt  cvclltll(ls liglltestclc  viatiollfrc)  lllstrict  l o c a l
mode behavior will restore tllc  pro~)er sylnmetry or antisymtmtry  of the cigenstatcs.
IIence it is convenimt  tom press thecigenstates  in the .JIa)  and J(b) r ep resen ta t ion
to those in the original symlnetrical  J rc~mse~ltat  ion. ‘rOthiSCIld  it may benoted
from equation (1.?) that

(17a)

Thus the l)hasc  modified basis functions

l!] K),, = C*’”< IJ K ) (l$a)

(J K}b = C“)}{ l.] K) (181))

Ina,y  }Je verified to satisfy tile  normal angular momentum relations.

for z = a, b. Consequm]tly  tile  eigymlfunctions  of ~{(,fl .~nd ~~bb may })ot~l 1)~ ~~pl~sse[i
in the form

]J K,, Kc}, ‘- ~ C,,. IJ I< ~), (20)
1<

IJ K 0)(7 == (IJ I{),z -E (--1)” [i] -K)o)/(l + k))~ (21a)

== cos(7~K) IJ K O) -t- i sin(qK) IJ K o -t 1)

It] K 0),, = (1,] ]<),, ‘t (--l)U ILI ‘~f)b)/(1 + hO)+ (21t))

=. cos(?jK)  l,] K o) -- i sin(7)K)  IJ K CT + 1)
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The scxoncl  line of cquat ions (210) atld  ( 21b) ]la\’c  becIl derived with the help of
cquat ions (’18a) and ( 18b,). K,. ill  cquat ion (20) is cclual  to the K value of  the
lcding tam of t lm SUIII and Kn is CV[:I1 or odd according to t llc cvcnncss  or oddt  MS
of (J -E KC + 0). Finally  it r[!maitls t o syIlltnd  rim the theory  tq’ combining cquat ions
(’21 a,) and (21b) \vit  h a~)~mpriat  c vibrat  ional  fad ms la) == Inm} atld  lb) = 17nn ). The
resulting symnct  r,v ada~)t ml local  vilwat iolml-rot  atimlal cigemtatcs take t llc forlll

whaw I 77 m+ ) am t] lc s.ylllmet  ry ada~)t ed vilmat ional  stat m

Equation (.22,) is onc of the main mults  of the theory.

Noticn  that the symmetrical fonll  of cquaiion  (22) clearly separates the axis
switching term in 7jK from the rotat iollal basis  fund ions I JKo) which ate quad iml
in the symmetrical (z, y, z) axis fralm. Conscqumtly  the spectroscopic absorption
intensities may be estimated in terl m of normal HO1ll-IJO1ldO1l  factors. Trad i t ions

from the gyouncl  vibrational state, dmlotcd  by 10), to the \777n+)  and 177771-) states  are
polarised in the y and z direction rcs~)cctivdy. Hence the dipole transition matrix

elements may be expressed as

where 2 and j am the angdar  parts  of the transition amplit,ucles.

When combined withthc form oftllcgrould  rotational cigenstatc

equations (22) - (2.5) imply  that

while

(J’’K;K-:; 01 /1 lJKaKc;  - )  ‘: ~ cKJ’h-,a[p~ ~ (J’’K’’O”[ i (JKa) (261))
K,K”

-1 /l*, s(J’’K’’[jlJjlJ  K (7+ l)],
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Wllfm! c =  COS(7)K)  aIl(l s == sir)(qA”).

The forln  of equat iml (22,) also allows a siItll)lc  estimate of the first order effect
of tllc  vil)rat  ional  oft-diagonal o~mat or }1,,/), ~vllicll  is assulncd for simplicit y to tm
dolnillatcd  Iy t 11(: local ]Mdc slJii  ( ing t ml] c ill cquat ion (’8c). !I’IIC ~nment  assunll~
t ion is that t lmse oflklia~omd  t crnls  m<: llcccssarily  small compard  wit 11 dls t )ut they
could  Imvcrt  Mess  tw lar,gc  m[l~)arcd wit 11 tlic  asjmlmd ry s~)litti~lg  of the nigh  J{r
rotational cigcnvducs.

Ikaring  in mind that tllc vilmt  ional  o~mat m CJU is diagonal in the symmet  riscd
local mode states,

(Hm+[  L’v [71711-I-)  =- - (7]7)/- I G ’L j  [rl?n- ) == c (27)

and that I JKO) and I JKf7’)  in cquat ion (22,) arc ort]logonal,  the first  order corrections
to the energies oft hc l)rcviously  dcgmlcrat  c? rot at ional-vibrat  ional  states I .lKaKC;  +)
arc thereby deducd  to bc

K

111 other words tllc  axis tilting, which is Itmasurcd  by the angle  71, scmms to quench
tllc local mode splitting from its ~)urdy  vibrational value.  The possibility of such
local mode enbancemcnt by rotation was first  suggested by Lelmann  [~]. Wang an(i
Zhu  [26] reach similar cmdusions  for 112S in the Jr representation by performiIlg  lCSS
physically transparent rotations about the y axis.

III. Implications of the model

‘J’he above axis tilting modd is lmt ~miItmily  offered as a new com~mtat  ional
tool, bmause  for cxaIIlplc  the eflccts  of centrifugal terms have been omittecl.  The
int,cntion  is rather to I nwvklc a new framework for t IIe interpretation of com~)utat  ional
and cxpcrimeIlt  al results.

The first consideration in t hc local  mode limit is that the rotational analysis
of excited ql and q3 states be carried forward cqwidmfly  eitl  Ler with or wit bout a
constraint to iln~msc  (;Z ~, s.ymmct ry. ‘J’hc resulting I)aramctcrs in the former case  will
lx: ‘normal’ rotat,iollal  constants A,,, 1),, and ~;,, aIld a ~oriolis resonance parameter
~ry (OI Cz,  in Ir rot at ion). ‘1’hc sccmd ap~mach on the other  hand will yield only
t hme rotational ~malnct cm ~ (A,, i }-I,,), Cv and an asylnmct ry term (A -- B)c,jf, given
according to equatio~l  (16) t )y

(29)

Strict cloublc degeneracy in all rotati(nlal-vil)  rat ional  energy levels is also predict cd
in the local mode lilllit.

A second im~)licat,ion  of the theory is that,  t l~c loss of itlformation  inherent in a
tllrec paramder  silnl)lc  vilmtiollal  stat c anlaysis  as distinct from a four parmnct  cr
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bczause cquatimls  (260) aIld (’266) SII(W that t l~c transition amplit udm  am modified
by t mm dcpcndfvlt  OII the axis tilt itlg atlglc q, ~vhicb dqxmds  according to (15) ml
tllc ratio of ~J{, to (.-1,, – B,)).

TIIC final co~lcllwio~l is that t llc ild rmlllct  it)ll  of a ~ihrat imlal elwrg,y s~)lit  t ing
lMIYCCI1 t IIc t ~~’o 10GII Inodc  states, ~vllich  is sIIlall  com~mred \vit 11 the aIlharIllonic
rcsoIla  Im ~)aranlct  u ~J,,, Jf’ill scn”c to lift t Ilc rot at ioIA-vilmat  ioml degcllcracy  of all
other stat es in accord  aIlcc with t llc follllula  iIl (’Xl). It would  l)c int cresting to find
cases  in which q could  bc dcduccd by use of cquat ioll  (29).

Onc should also notice that a fully couplml  version  of tlw t hcory  collld bc oty
taincd by  inc lud ing  t  lw vibrat iollally  ofl-diagmd o~mator l~[,b givcm by cquatioll
(8c).  ‘lThc ,mcssary  lnatrix clclmlts  lvould hmvevcr  i n v o l v e  plmc f a c t o r s  c.*2”~K
arising from overlap lx:t  wecn \ J K),t  and I J K)l) , as givm by (18a) ad (18h). The
hcrmitian  character of tlm rmultillg  IIamiltoniatl  matrix is tlmcforc cc)llll)LltatiO1ially
less convenient thall the convcntioml  rcd norlml  mode form.

IV. Local mode axis tilting in H2S

Tile local moclc character of the overtone hands  of HzS is well attest cd on the
basis of the 30 cliffcrcnt  analyscd bands [14-21]. In particular tllc  local  mode split-
tilqy for the Inm+; Vz) = [30+;  O) and 130+; 1) st atcs at 7576c7n-1 and 8697cn-1  arc
reported [22] as O.163C~/I- 1 and 0.013cm -1 rcs~wdively,  while these for the com:sponcl-
ing  140+; V2 > states at 991 lm- 1 aId 11009cm- 1 arc less than 0.001 m--l. The a_

values  clcxivd  fmll a global fit of tllc allalyscd  bancls (o(~) = –0.016, O!!) == 0.016
a~ld O(C) == O OO&,m- 1 ) am also s~nall  cllougll  t () justify neglect of the off-cliagonal—
o~)crator  f~ab in equa t ion  (8c),  colll~)alcd with Czg & 0.5 – 0.6cn- 1. ~~xl)crimcntal
details of the balds w]lich arc discussd  below arc listed in table 2.

As a clirect test of the theory itl scctioll  2, the previously re~)ortcd  140+; O) and
140+; 1) bands (comsl)omling  to (301)-(202) and (311)-(212) in conventional nota-
tion) [22] were rcallalysd  ill  the 111” lel)rf’selltatioll, both as resonantly COUIJCC1
interacting pairs and as isolated hyl)rid  balds. The dcrivccl s~)cctmscopic  parame-
ters arc given  in tat)le  2. It is cvidcllt  that,  the quality of the fit is, if anyt  hing,  slightly
better  for the isolat  cd state analysis, dcsl)itc  tllc reduction frolll 10 to 9 pamnct  em.
The isolated state .4 and 11 rotational constants are also seen  to be well a~)pmximatcd
by the estimated values it 1 parent hcses, ~v]li~~l IV[!lC:  d~rivc(l flolll  t 110 A,,, f]V all~l ~~ry

constants by lncans of cquat ion (16). F’illally  tile  remaining parameters cliffcr  by
OIlly a fcw pCrCCIlt  in going  fIom  O1lC form of analysis to the Oth(!r.

It is also iIltcrcsting to pcrforlll  a siInilar  comparison bctwccI~ “itlt  tract i~lg stat c’
and ‘isolat cd state’ allalyscs  in the 1’ rc!~mxcld  at ion, which is normally preferred for
112X species. Relevant data for the 140+; 1) and 150+; O) (or (31 1)-(212) and (203)-
(302) )  mcrgy  levels with J <8 are given  in t al)le 3; more cd cmsive  data for these
local moclc pairs will bc ~mblislmd  clmvlme [28]. Notice that,  the assigImlcnts  are
much mom straightforward in tllc isolated band ~)icturc because tllc  cIlergy  incr(!ases
Inonotollically  with itlcrcasing  Ka,  whereas tllcrc are nutnc!rous examples of invertecl
level ~)osit  ions wlIcIl t llc stat m am t mat d as iIit cracting  pairs. The resulting spcc-



trosco~)ic ~Jatalll[:t  c:rs ill t al)le 4 a~,aill  Snow t hilt t lIC isc)lat  d lxlll(l  allalyses  acllievt: a
lmtter fit to tlm (311 )-(212) IMIMIS \vit 1] om: f(!~vcr ~mrameter, alld  a~l equally good
fit for t i le  (302)-(203) tmll(ls  with llillf!  fmv(’r ~)atatneters  (assulllill~  that  four lCVCIS
that arc~mturlx’cl t)y clark states [’23] aIi(l  ~)of)ll~-tl[:tc’rlllille(l  lcvcIls  \vitll J < 11 ~vcre
cxcludc(l  ftonl  tllf! f i t ) .  Fkti[[latd  .’l,ff illl(l  l~,~j cO1lstants, obtained  Iy sllt)stit(ltillg

~,’r= fol’ ~z’J:/ iil (’(lll:~tioll  (J6)  al’(: ill ~’x((~ll(!llt  agI~’(\lllC’llt  ~vitll  tll(~ oI)tilnisd  v a l u e s  for
the isolated state fit to tll(! (311)-(212) l)alld, allcl  also Irith tllc:cC)rrc:slJC)ll(lillg  clltrit~s
givml  for  the 111’ analysis  i~l tal)lt: 2 . ‘1’11(:  agrcmneld  is less good  for tlw (302)-
(203) band ,  ~msil,ly  d,*e to tilt: ass,ll~wd i~lfllm~ce  of ~mt urbat  ions during  the fit
[23]. 'I`l~(:  fi*~alc,l,sc:r\tltic,,)  istllattl,  {:"iI]tc:racti~,~. state’ allalyscs  lead to drastically
diff’cmlt  values  fol tll(:  (listorti(m  collstallts, IVINIII the analysis is IK!rforlld in the lr
rc:l)rcselltati[)ll,  wllm:as  olll,y  Illilmr Cllallgcs  occurred it] tile 111” rcl)res(:lltatiO1l.

It] comparin~  tllc  t~vore~)rc!s(;llt~  ltiolls,”  it issml, as czqmcted,  that the 7>771s devi-
ations for (311)-(212) Imnd is sItmller  ill tllc  1“ tlml in tlm ill’” rf:~)resc~lt:~tic)ll. 011
tlleotllcrll  all(ltl lc~rilti() llalfC)  rtll[:is()  l;ltc{lt)a1l(l,  axis tilting, analysis  islllllcllclc:arcr
frolll the Illr vimqmillt. %colldly  tlm rdativc  immitivity  of the dis tor t ion cow
stants  to changes lK!tWCC!Il  th(! ‘intmactillg  state’ aIld ‘isolatd  state’ pictures in the
lIIT representation, suggmts  that tlws(! consta~lts  llaveg~eater  physical significance
than those obtained by the l“ fitting  ]nmdute.

V. Conclusions

Previo(lsly  kIlowIl  local Inod(!  trallsfc)rlllatiO1ls  to the conventional normal mocle
rotation-vibrat<ional  Ilanliltonian  [25] have  bcml extended, by trallsforlllatio~l” to the
lllr representation, to show that t IM2 collvcntiold  ~oriolis  coupled rotational analysis
lmtwem  two clcgeneratc  vibrati(nlal  states (i~l tllc  local lIlodc  limit,) is equivalent to
two clegenerat  c isolated state analyses a~)plical)le  t o molecules with ~. sym[mtry, with
inertial axes tilt d cit INr clockwise or anticlock~vise with rcspcd  t o the equilibrium
symmetry axes. Itquatiol]s  (15)  and (16)  give cqmessions  for tile al@c of tilt, q,
and  the dfcctivc  ,4 and lJ crest ants for tllc  isolat cd state and.ysis, in terms of the
c o n v e n t i o n a l  Au, Ilu rotational all(l  C~Jg rcsollatwe  constants .  ‘1’he angle  of tilt is
a l so  r e l a t ed  to the diff’ercllcc  M w’(!en Itmwl squad  vibratic)nal  amplit  udcs  of the
two bonds.  IJocal nmlc t y~)e ex~messiwl  for t lle lit mational-rot  at imlal wavefunctions
are given in equat  ion (’22) and mu] t c) (lerive formulae for tllc A tylx:  a~ld B t yI)e
t rallsitioll  alnl)litldes  oft llc hybrid  t)allds ill t erllls oft he angle oft ilt and ccmvmtional
IIoI1l-l,ondon  factors. A further result, giv(vl ill txluat  ion (29),  is that t hc vibrational-
Iotat ional  level split t illgs are ~)rdict e(l t o lx: qlmlclle(l  from their purely vit~rat  iollal
va lues  in a Illalllm (lcp~:lldellt  01] t 11(’ ~)rodud  ~)l(C.

Applications of th(! t]mory  to t llc (301 )-(202) and (302)-(203) t )ands  of llZS full-y
su~)~)ort  tile abow:  ~)ict ure. Ncw ‘isolatd  I)atd’ allal-yses  for the (31 1)-(212) and
(302)-(203) hands  were also ~mrfornml  ill the traditional 1’ rcqnxsent  at ion. g’llc fit
to observd  data is su~mior  to that ol)t aillcd  I)y tll[:  usual llw coupled  model, and t lle
number of derived ~)atallwters  is rcdllccd. 111 (O1lllmring  t hc I’ and 111’” rcprcscnt.a-
t imls, it found  that t hc former gives a lwt tcr fit t t) t hc data, hut  that th(! distort icnl
~)aralncters  obtaillcd  I)y t lle Jr almlLysis  dif It’r (Drastically according to whdlm the

10



‘coupled state’ or ‘isolat  cd stat e’ 1110( 1(!1s Iv(’1(:  Us(!d. By coIltr.ast  OIlly Inillor  changes
to the distortion cent allts  arise in t llc 111’ rc~m:scnt at ion. The conclusion is that the
17 m~xesaltat  ioll  is sll~wrior for fit t i[lg ~)ut~mscs. but that,  paramctms dcrivd f r o m
the lllT rc:~)rcs[:llt;lti(jll  IIMy I)avc greater ~)llysical  significance.
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Figure caption

Fig. 1. Schematic representation of the degenerate isolated titled axis states. The t ilt ing angle O= 31” is consistent

with the constants A., B, and C,Y for the (3 11) - (212) states of }1 S in table 2. The large symbol for one of the

atoms indicates the more excited bond.

I local

I mode
I notation

t+=

4ok 1

50$0

Table 1

Vibrational States of 112S Studied

Resonating Band Centres
Pairs Ref.

C,v Symmetry cm”

(302). (203) I 12149. I 21

0.003 I FTS 0.021 cm-’ I
I d i o d e  laserO.01 cm I



Table 2

Spectroscopic parameters (CIII-l)  of the 140~ :0> and ]40.I; I ~ or [ (30 I ) - (202)  and (3 I I ) - (2 12)] vibrational states
of the HIS molecule from the resonance and nonresonance fitting using a Watson-type Illr EIamiltonian

(301)-(202) Isolated Estimated (3 I 1)-(212) Isolated Estimated

F, 991 1.02470(280) 991 1.02600(260) 11008.69100(230) 11OO8.69IOO(2IO)

A 9.689976(420) 9.871477(390) (9.879) 9.980428(42) 10.200505(440) (10.184)

B 8.539932(420) 8.357874(350) (8.351) 8.789340(420) 8.5692 11(340) (8.584)

c 4.4742 15(100) 4.4752867(900) 4.4143399(950) 4.4143973(780

Dk 10’ 0.78381(150) 0.75940(1 10) 1.09390(280) 1.0723(140)

D,kl 0’ -0.16956(160) -0.16628(100) -0.216790(270) -0.2 1528(140)

D,lo’ 0.974893(750) 0.96655(1 10) 1. 147299(700) 1. 144248(700)

dk 103 0.16170(660) o. I 594(400) O. I386(105) 0.1229(490)

d, 103 0.1 1541(380) 0.09088(290) 0.19802(480) 0.14049(390)

c., 0.4914878(150) 0.557708(130)

J ma. 13 13 13 13

N levels 141 70 139 70

N param. 10 9 10 9

RM S 0.00956 0.00899 0.00697 0.00690
deviation

I
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Table 3 (continued)

5 5 0 11298.811 11298.809 11298.8089 2 12428.4895 12428.4859 12428.4859 6
6 0 6 11223.333 1
6 1 6 11223.333 1
6 1 5 11276.817 1
6 2 5 11276.819 1
6 24 11320.100
6 3 4 ]1319,744 1

223.333 11223.3354 -1 12361.3717 “12361.3659 -6
223.333 11223.3354 -1 12361.3659 12361.3717 -1
276.819 11276.8184 7 12410.2618 12410.2585 14
276.817 11276.8184 -1 12410.2585 12410.2618 2

12449.8293 12449.8175 12449.3636-11
319.744 11320.0998** 12449.3651 12449.3636 12449.8175-11

6 3 3 11354.269 11354.262 11350.2448 -4 12481.3684 12481.3780 12476.5408-15
64 3 11350.243 11350.247 11354.2711 9 12476.5408 12481.3780 0
64 2 11384.114 11368.4030 5 12509.9425 12509.9423 12493.0830 13
6 5 2 11368.402 11368.403 11384.1134 -7 12493.0816 12493.0830 12509.9423 -1
6 5 1 11387.009 11387.0198 3 12512.0324 12512.0307 12512.0307 2
6 6 1 11416.738 11416.7372 2 12542.3038 12542.3041 12542.3041 -4
6 60 11416.881 11416.8797 -O 12542.3952 12542.4009 12542.4009 2
7 07 11289.949 11289.949 11289.9534 2 12427.4965 12427.4843 -5
7 1 7 11289.949 11289.949 11289.9534 2 12427.4843 12427.4965 6
7 1 6 11353.152 11353.152 11353.1529 -3 12485.2758 12485.2787 8
7 2 6 11353.152 11353.152 11353.1529 -5 12485.2787 12485.2758 3
7 2 5 11405.9555 0 12533.6118 12533.5294 0
7 3 5 11405.953 12533.5193 12533.5294 12533.6118 -2
7 3 4 1I447.6106** 12572.7779 12571.2726 4
7 4 4 11447.610 12571.2726 12572.7779 10
7 4 3 11475.3738 5 12605.3499 12605.3499**
7 5 2 12637.5655 12637.5655**
7 6 2 11516.7720 -2
7 6 1 11518.2451 3 12638.6048 12638.6048**
7 7 1 11554.720 11554.7187 -5 12675.6536 12675.6453 12675.6453 -1
7 7 0 11554.786 11554.7847 5 12675.6787 12675.6787 0
8 0 8 11365.350 11365.350 11365.3511 0
8 1 8 11365.350 11365.350 11365.3511 0 12502.3755 12502.3755 -3
8 1 7 11438.263 11438.263 11438.2675 -1 12569.0563 12569.0434 -2
8 2 7 11438.263 11438.263 11438.2675 -1 12569.0434 12569.0563 10
8 2 6 12626.2254 12626.2199 12626.2199 -1
8 3 6 11500.728 12626.2201 12626.2201-15
8 3 5 12673.9107 12673.5502-10
8 4 5 12673.5502 12673.9107 6

-----------------------------------------------------------
*) Rotational energy levels for C2V assignment were taken

from Ref. 20 for(311 ) and (2 12) sates and from Ref.21
for (203) ancl (302) states.

dE=(Eobs-Ecalc)x  1000 cm- I for Cssynlmetry  energy levels

**- Lcvelswerc  exc]uded fromthe  fitting.
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E

A,

B,

c“

I)k 10’

r),klo~

D,lo’

dkl O’

d, 10’

HLIOS

hkl O’

J may

N levels

N pararn.

RMS
deviation

Table 4

Spectroscopic  paranleter  s(cnl-’)ofthe 140+ ;l~and /501 ;O>or [(3 1 )-(2 12) and (203)-(302)] vibrational

states of theklzS nlo]ecLlle fronlresonance  arldnollresonance fitting Llsingawatson-typc  Ir}lanliitonian

m ““’a’e’ Estimated (302)-(203)
ref. [21] ~

11008.6836 11008.68747(130) 12149.4580 12149.45744(280)

9.92916 10.202834(380) (10,20125 9.4749975 9.819851(790) (9.71755)

8.84191 8.570033(1 10) (8.56981) 8.471912 8.128625(300) (8.22935)

4.41553 4.4138781(330) 4.4111438

0.4067 0.12893(230) 0.4443236

-23.682 -0.8027(420) -26.12636 e

0.65609 I 0 . 4 4 9 9 0 6 ( 2 8 0 )  I I 0.575537 I 0.27681(120) I

-0.06 0.78487(250) -0.439822 0.6281(100)

0.29705 0.193521(150) 0.2547141 0. 104021(760)

0.283 0.3381(300) 0.46069 0.7920(610)

0.1229 -0.3643(490)

0.608171 0.549675

9 14 14 II

129 84
(for both states)

:: +

(for both states)

9 10

0.005 0.0038 0.0074 0.0074
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